Abstract Designing a usable learning application is one of the key factors in ensuring effective learning. This article introduces modified group usability testing (MGUT) as a feasible framework for evaluating the usability of nonimmersive virtual reality (VR) learning applications. Conventionally, usability testing of such learning applications often employs the one-to-one approach in which an evaluator conducts testing with several individual participants. As opposed to the one-to-one approach, the group approach involves several-to-many participants performing tasks simultaneously, with several evaluators observing and interacting with participants. This article describes the complete step-by-step procedure for conducting MGUT to uncover usability problems of a VR learning application that aims to educate its users on fire safety and prevention.
Introduction
Virtual reality (VR) offers unique learning experiences due to its ability to provide real-time three-dimensional visualization and afford various types of interactivity within virtual learning environments. Many researchers have pointed out the significance of utilizing VR technology for engaging learners in their learning process, and to date, VR-based applications are ubiquitously used in various educational contexts (Bricken and Byrne 1993; Dalgarno and Lee 2010; Freiberg and Mahalinga-lyer 2005; Ferk et al. 2003; Merchant et al. 2014; Ouyang et al. 2004) .
Generally, there are two main types of VR, namely immersive VR and non-immersive VR (Kalawsky 1993) . This article focuses on the non-immersive VR system where such system presents an interactive real-time threedimensional virtual environment on a conventional computer screen, and the user can interact with it using generic devices, such as mouse or keyboard. Many non-immersive systems are also internet-based. Non-immersive VR is relatively low cost as it does not require additional peripherals, and this makes it feasible for ubiquitous implementation in educational settings or even for personal use (Youngblut 1998) .
The usability studies of virtual reality (VR), especially non-immersive VR, are still insufficient although VR is an advanced technology which is gaining widespread acceptance in various fields, particularly in education (Doubleday et al. 2011; Morar and Macredie 2004; Stanney et al. 2003; Villanueva et al. 2004; Yoon et al. 2008) . Nevertheless, the importance of producing usable learning applications is widely acknowledged by many researchers such as Ardito et al. (2006) , Deegan and Rothwell (2010) , and Squires and Preece (1999) .
A review of the literature has shown that some researchers have adopted traditional techniques for testing the usability of non-immersive VR, also known as desktop VR. Villanueva et al. (2004) have tested non-immersive photorealistic virtual environments using think-aloud protocol and heuristic evaluation. Marsh and Wright (1999) carried out a usability test on a non-immersive VR system using the cooperative evaluation technique. On the other hand, Rosli et al. (2008) conducted a usability testing on the interface of a VR-based learning environment using the software usability measurement inventory (SUMI). Costalli et al. (2001) presented a set of criteria that should be considered in order to obtain a usable virtual environment, and more recently, Rezazadeh et al. (2011) evaluated a virtual environment using affective measures in order to uncover usability issues, Doubleday et al. (2011) employed a one-to-one approach by recruiting subjects with various levels of experience in anatomy content to assess the usability of an online virtual anatomy laboratory, and Schewebel et al. (2013) also employed the one-to-one approach to investigate the usability of an internet-based virtual pedestrian environment through self-reports and researcher observations.
Motivation of the study
Usability testing of non-immersive of VR systems is often based on the individual approach, in which individual users are observed and interviewed for data collection. None of the aforementioned studies has taken the group approach that involves groups of participants in identifying the criticality of usability problems. Despite this, the benefits of using the group testing approach are gaining attention. As pointed out by Downey (2007) , group usability testing requires less time and enables collection of data from more users than individual testing. It also takes advantage of the availability of many subjects who gather together in one place. Bacha and Scapinb (2010) , for example, conducted a usability study on a virtual environment involving 29 individuals which took up to 1 h per session. Though the one-to-one approach was claimed to be effective in uncovering critical problems of the system, the identified problems were largely overlapping. It would have been more time efficient should the evaluation is done in group approach. Bowman et al. (2002) , in their thorough review of existing techniques used to test virtual environments, stated that the number of subjects needed to obtain a clear picture of performance may be larger than those used in traditional usability testing. To allow this, testing the system in groups would be more feasible and cost effective.
Realizing the lack of studies in such area, this article looks into the practicality of employing group usability testing on a non-immersive VR learning application and examines the potential of this group testing approach. The research questions (RQs) for this study are as follows. 3 Modified group usability testing (MGUT)
MGUT, which stands for modified group usability testing is based on the group usability testing framework that was introduced by Downey (2007) . However, four additional strategies, which are not present in Downey's framework, are incorporated into MGUT to minimize the possibility of data loss during the usability testing process. Such data are crucial in uncovering usability problems of a learning application. As with Downey's group usability testing, abbreviated as DGUT, MGUT involves three stages; (1) user profile survey, (2) basic tasks exercises, and (3) usability issues discussion. Three of the additional strategies are incorporated into the second stage and another one strategy in the third stage. Prior to the usability testing, representative tasks are selected, and a brief training is conducted to provide participants with some basic information on the tested system as well as their tasks. They are informed on the presence of observers who will monitor their interaction with the system throughout the testing. Two or more identical cycles of group usability testing are often conducted before reaching data saturation. However, there is no significant change made to the system between these cycles.
User profile survey
In accordance with Downey's suggestion, a simple user profile survey on the participants is conducted in order to classify them based on some predetermined characteristics. The purpose of this survey is to ensure the homogeneity of participants who undergo the different cycles of usability testing process.
In this study, the target users were lower secondary school students. The user profile survey was obtained from teachers of the chosen schools. Users' characteristics used for classification were gender, academic performance, computer literacy and English language proficiency. Gender and academic performance were considered to ensure the groups of participants recruited were almost equally distributed in terms of these characteristics. All participants were also required to have basic computing skills to ensure their capability in using generic computer input devices, such as mouse and keyboard to interact with the learning application. The students' English language proficiency level was also taken into consideration to ensure their ability to understand the information presented by the application as well as to verbalize their opinions during the usability issues discussion session.
Basic task exercise
This session is the core of the group usability testing process. Selected basic tasks are given to the participants using a set of written instructions.
In this study, basic tasks given include identifying objects which might cause fire and identifying flammable objects. The participants were seated in a setting which was somewhat circular. Downey (2007) suggested a circular setting but MGUT allows a more flexible setting as the computers in MGUT can be grouped by arranging several computer desks (six in this case) into a rectangular shape. Such setting did not allow a participant to view the screens of the participants sitting next to him/ her. Participants performed the basic tasks given to them individually, but simultaneously. This strategy is introduced in MGUT to increase the feasibility of the testing as computers in most laboratories are not arranged in a circular setting. During the testing, participants were allowed to ask questions. Meanwhile, multiple observers or evaluators, often the usability experts and/or system developers, walked around the setting and recorded usability issues faced by participants during all cycles of testing. This study involved two testing cycles. Downey recruited three observers in her study. Therefore, in this study, MGUT also involved three observers, comprising system developer and two other individuals with sound usability knowledge.
In the original framework proposed by Downey (2007) , only observers are required to do the recording of the issues or observations. This may result in the loss of some data as observers may be unable to observe and record different usability problems that are revealed or faced simultaneously by different participants. In MGUT, besides having observers to do the recording of their observations, it introduces another strategy, which is to request participants to briefly jot down usability issues that they encountered during testing sessions. Such arrangement is anticipated to be able to gather more usability data. Besides, in this modified framework, screen recording software was used to record participants' interaction with the system during the usability testing session. This enabled observers to make a reference to the recording during the discussion session, particularly when confusion or discrepancies arose. This serves as the third strategy introduced in MGUT.
During the testing session, observers were allowed to occasionally interact with participants, answer their questions, and also minimally probe them. Besides, discussion among observers was also allowed as long as it did not cause disturbance to participants. Such discussion facilitated observers to prioritize the criticality of recorded usability issues. Observers focused only on new usability issues during the second cycle of testing.
Usability issue discussion
After completing the basic tasks exercise, observers facilitated a discussion on the usability issues recorded by them and those raised by participants. This discussion also facilitated the probing of clarification and perceived difficulties during the basic tasks exercise session and aimed to prioritize usability problems.
Unlike DGUT that solely relies on observers' records to prompt discussion, participants of MGUT were also prompted by the observers to actively verbalize usability issues that participants had jotted down during the testing session. Such strategy helped participants to recall their interaction with the learning application and aimed to minimize the possibility of losing any usability issues.
Cooperative evaluation
In order to examine the potential of MGUT, particularly in terms of its effectiveness and efficiency, this study made a comparison between MGUT, DGUT, and an individual testing approach. Cooperative evaluation (CE) was employed as the representative of the individual testing approach as it is a standard evaluation method (Sutcliffe 2002) and has been adopted by many Virtual Reality (2015) 19:129-144 131 researchers (Dearden and Lo 2004; Eklund et al. 2008; Forsslund et al. 2009: Lim and Tang 1999; Stevens and Edwards 1994; Smith and Todd 2007) . Besides, CE involves both evaluators and users in the evaluation process, which is similar to MGUT. Moreover, CE has been employed for evaluating both immersive (Smith and Todd 2007) and non-immersive VR systems (Marsh and Wright 1999; Smith and Hart 2006) . CE is a usability testing technique that obtains feedback to identify points where a system design could be improved to make it more usable (Monk et al. 1993) . CE is also named as simplified thinking-aloud (Nielsen 1993) or active intervention (Dumas and Redish 1993) . Basically, CE involves an actual testing session and a debriefing session. CE adopts one-to-one usability evaluation approach, where the evaluator deals with only one user at one time. It requires active interaction between the evaluator and the user in the usability testing process. During the testing, the user is required to execute representative tasks given by the evaluator. At the same time, he/she is required to thinkaloud, which basically means he/she needs to verbalize what he/she does and thinks of the system while trying to accomplish given tasks. The user is allowed to ask questions during the testing process. The user is allowed to make mistakes while executing given tasks, and the evaluator holds the role to prompt the user with various questions that may help to elicit potential usability problems. Possible symptoms which indicate potential usability problems are the unexpected behavior and comments from users (Monk et al. 1993) . Table 1 compares the characteristics between MGUT, DGUT, and CE.
Methods
The following subsections describe the material, participants, instruments, and procedures for conducting the testing.
VrSAFE
For the purpose of this study, VrSAFE, a non-immersive VR learning application that educates its users on fire safety and prevention at home, was developed and used as a case to be tested. VrSAFE consists of a non-immersive three-dimensional (3D) virtual house which is integrated onto a Web interface that contains other multimedia elements, such as images, sound, and animation. Virtual objects were created using a 3D modeling software and Internet Space Builder, and the whole virtual scene was assembled using Internet Scene Assembler Pro 2.0. This virtual scene was then published to incorporate it onto the Web interface.
VrSAFE allows its user to freely navigate the different compartments of the virtual house, which include a living room, a kitchen, a bedroom, and a washroom. Upon entering a compartment, a narrator will guide the user's interaction and observation of various virtual flammable objects through pre-defined animations and audio feedback. User may also be advised to access additional information via visual links that appear on the right side of the virtual environment. Figure 1 shows the screenshot of a scenario in VrSAFE. Table 2 states the learning objectives which are intended to be achieved in VrSAFE according to the types of learning as proposed by Gagné and Merrill (1990) .
Population and sample
The ideal target users of VrSAFE are lower secondary school students with their age ranging from 13 to 15 and possessing basic computing skill. In this study, lower secondary students (age 15) were chosen as they had completed their national examination during the time of data collection. Two different schools, each with a wellequipped computer laboratory, were involved. Participants for DGUT were taken from the school with computers arranged in circular configuration. Participants for MGUT and CE were taken from another school with computers that could be flexibly rearranged to make possible the somehow circular pod arrangement that was needed for MGUT.
Based on the information collected via the user profile survey, a total of 77 participants were chosen. CE involved five participants. Another 36 participants were recruited for MGUT and DGUT respectively, where 18 participants were involved in each of the two testing cycles. In order to ensure each group of sample was of similar characteristics in terms of gender and academic performance, for each group, nine male and nine female participants were selected. Among the nine male participants, three of them were of high academic performance, whose latest average mark of all subjects was 75 % and above; three of them were of medium academic performance, whose latest average mark ranging from 50 to 74 %; and three of them were of low academic performance, whose latest average mark was below 50 %. Similar selection method was applied for female participants.
Instruments
The user profile survey was utilized to obtain information on participants' characteristics such as their gender, age, academic performance, basic computer skill, and English language proficiency. A list of probing questions was used in the usability issues discussion of MGUT to guide observers in prompting participants to actively verbalize usability issues or problems that they encountered. Sample probing questions are as follows:
• Do you face any difficulties in navigating the virtual environment? • Do you think the speed of navigating in the virtual environment is appropriate? • Do you face difficulties in understanding instructions, prompts, guidance or feedback given by the learning environment? • Do you think that the learning environment is attractively presented? • Do you think there is enough information provided when needed? • Do you think the information presented is too crowded?
• Is the viewpoint in the virtual environment appropriate?
• Do you face any difficulties when interacting with virtual objects in the learning environment?
Procedures
Permissions from the Educational Planning and Research Division, Ministry of Education and principals of chosen schools were first obtained. A pilot test was carried out for each testing technique before the actual test. Unlike DGUT and CE that used the existing computer arrangement in laboratory, researchers rearranged some of the computers in the laboratory to form three almost circular setting prior to MGUT pilot and actual testing. This setting allowed participants to be grouped together into equally distributed small groups. In this case, 18 participants were distributed into three small groups, six in a group. Apart from that, CamStudio 2.5, screen recording software, was installed in every computer for MGUT testing.
Pilot test
In this study, three pilot tests were conducted for the respective three testing techniques. Participants recruited for a pilot test were not involved in the actual test. A group of five students were chosen for the pilot study of MGUT. Participants were informed on the purpose of the testing and the presence of observers to watch their interaction with the VR learning application. Then, they were given a pre-training to familiarize them with the navigational elements of the virtual environment. After the navigation training, participants were requested to explore VrSAFE and carry out two tasks, which were given as a set of written instruction. Screen recording using CamStudio was done for the duration of the 1 h session. All the participants were then gathered to discuss the usability issues for an hour. The purpose of this pilot study was to check the appropriateness of the research procedure and identify problems that might arise in the instruments.
Another group of five students were chosen for the pilot study of DGUT. This group followed the similar procedure for MGUT except without the four additional strategies as indicated earlier in Table 1 . As for CE, two students were chosen for the pilot study. Participants were informed of the purpose of this pilot study followed by a pre-training to familiarize them with the navigational aspects of the virtual environment. Then, they were requested to explore VrSAFE and carried out two tasks, which were provided as a set of written instructions. While carrying out the tasks given, participants were continuously prompted to explain what they were doing. They were allowed to ask questions about the interface or when they encountered problems during exploration of the virtual environment. Users' questions and comments were recorded. Reflect on the best way to react during fire 
Actual test
The following provides the details of the MGUT data collection procedure in the actual testing.
(a) User profile survey Each student was required to fill in the user profile survey form. All forms were collected and eligible students were chosen as participants. (b) Briefing Participants were informed of the purpose of this usability testing and the presence of observer to watch their interaction with the system as well as to do recording of their observations. Besides, participants were also told to briefly jot down usability issues that they encountered while executing the tasks given. They were taught the way to start and stop screen recording. (c) Stationery Each participant was given three pieces of paper and a pen. (d) Pre-training Each participant was trained to navigate in the virtual environment. (e) Start screen recording Moment before the task execution, every participant started the screen recording using CamStudio by pressing CTRL and ENTER, the shortcut key for start button. (f) Basic task exercise Participants were requested to explore VrSAFE and carried out tasks, which were given as a set of written instructions. (g) Interact and record Three observers walked around and recorded problems that participants faced while working with VrSAFE. Observers interacted with participants from time to time, answering their questions, and also minimally probed them. Besides, discussion among observers was also allowed as long as it did not cause disturbance to participants. (h) Stop screen recording After completing the basic task exercise, participants were asked to stop the screen recording, by pressing CTRL and END, the shortcut key for stop button. (i) Usability issues discussion All participants were then gathered to have a discussion on the usability issues. Participants were prompted to verbalize and clarify usability problems that they had briefly jotted down during the basic task exercise session. Observers recorded usability issues uttered by participants and clarified perceived problems with them.
The data collection procedure for DGUT is as follows:
(a) User profile survey Each student was required to fill in the user profile survey form. All forms were collected and eligible students were chosen as participants. (b) Briefing Participants were informed of the purpose of this usability testing and the presence of observer to watch their interaction with the system as well as to do recording of their observations. (c) Pre-training Each participant was trained to navigate in the virtual environment. (d) Basic task exercise Participants were requested to explore VrSAFE and carried out tasks, which were given as a set of written instructions. (e) Interact and record Three observers walked around and recorded problems that participants faced while working with VrSAFE. Observers interacted with participants from time to time, answering their questions, and also minimally probed them. Besides, discussion among observers was also allowed as long as it did not cause disturbance to participants. (f) Usability issues discussion All participants were then gathered to have a discussion on the usability issues. Observers recorded usability issues uttered by participants and clarified perceived problems with them.
The data collection procedure for CE is as follows:
(a) Briefing The participants were informed on the purpose of this usability testing. (b) Pre-training Each participant was trained to navigate in the virtual environment. (c) Perform tasks Participants were requested to explore VrSAFE and carried out task, which was given as a set of written instruction. (d) Interact and record Problems that participants faced while working with VrSAFE were recorded and noted. Participants were continuously prompted to verbalize what they were doing as well as problems that they encountered. What participants said and did was recorded and notes were taken.
The data collected include the description of each usability problem observed during every testing stage, total time taken as well as total number of participants involved for each testing. Such data is crucial in determining the effectiveness and efficiency for each of these usability testing techniques.
Methods of data analysis
This section describes the analysis of the collected data as well as the method of comparison in order to determine which of the approaches is more effective and efficient in usability testing of a VR learning system.
Comparison elements
Elements that were used to derive criteria for comparison include the amount of usability problems which was identified; usability factor, scope, and severity of the identified usability problems; amount of time, effort, and interaction taken; and number of participants involved. The following further describes the usability criteria, usability factors, scope, and severity elements.
Usability criteria and factors
Usability problems identified were independently coded and categorized into different usability criteria based on the quality in use integrated measurement (QUIM) model as proposed by Seffah et al. (2006) . QUIM is a consolidated, hierarchical model of usability measurement that unifies various usability standards and conceptual models. The QUIM model suggests 22 usability criteria and 10 usability factors. Table 3 lists these factors and criteria and Seffah et al. (2006) provides a brief explanation of each factor and criterion.
Observers were responsible to discuss and reach a consensus on the appropriate usability criterion/criteria for each usability problem. The usability criteria were then linked to their related usability factors based on the relationship table between usability criteria and usability factors as proposed in QUIM. Table 4 illustrates this relationship.
Scope
The scope of a usability problem refers to how narrowly or how widely the problem occurs (Barnum 2002) . The scope of a problem can be characterized as either local or global (Dumas and Redish 1993) . A local problem affects only one particular part of the system, while a global problem might affect more than one part, therefore indicating the broad-based problem of the system that might affect the entire system.
Severity
The severity of a usability problem identified is the frequency, impact, and persistence of the problem (Nielsen 1995) . In this study, the severity of a problem was rated independently according to the severity rating scale as proposed by Dumas and Redish (1993) . This scale consists of the following four levels:
• Level 1-problems that prevent the completion of a task.
• Level 2-problems that create significant delay and frustration.
• Level 3-problems that have a minor effect on usability.
• Level 4-problems that are more subtle and often point to an enhancement that can be added in future.
7 Results and discussion 7.1 Coding of a usability problem Table 5 shows an example of usability criteria, usability factors, scope, and severity of a usability problem that was identified via observation. The problem was coded into different usability criteria and later the usability factors based on Table 4 . The scope and severity were determined based on the earlier explained definitions. Each of the identified usability problems (43 for MGUT, 30 for DGUT and 39 for CE) was coded in the similar manner. The outcomes of MGUT were compared with those of DGUT and CE. Table 6 compares the characteristics of identified usability problems, total testing time, and number of involved participants between MGUT, DGUT, and CE.
Ability to detect problems
Results indicate that the ability of MGUT and CE in identifying usability problems is almost comparable. MGUT has identified 43 problems and CE has identified 39 problems. However, MGUT managed to identify 13 more usability problems than DGUT.
In MGUT, participants were required to briefly jot down usability problems that they encountered during the testing process. This process of jotting down had enriched the usability discussion session as the notes served as a useful reference for participants to recall problems that they encountered while engaging in VrSAFE. Figure 2 shows a sample notes jotted down by a MGUT participant. Although the notes were simple, they were sufficient to trigger participants' memory of the actual testing session. For example, the simple jotted phrase 'two messages' had helped the participant in recalling a usability problem concerning the overlapping of two pop-up messages which caused some disturbance. Hence, participants in MGUT were active in uttering usability problems they encountered, their opinions, comments, and preferences toward VrSAFE.
In MGUT, participants were given chances to elaborate and express their opinions as they were prompted by observers via several probing questions. This is another strategy in MGUT to discover more problems during the usability discussion session. It is worthy to note that when participants were actively verbalizing in the usability discussion session, issues raised by a participant often influenced other participants, which drove them to give their opinions and comments as well. Kontio et al. (2004) regard such discussion as to aid participants in recalling their experience with the tested system. According to them, points made by participants resulted in other participants confirming similar, almost similar as well as opposite experiences. Results in Table 6 show that CE is also good at identifying usability problems. The observer in CE closely and continuously observed every action and doubtful reactions of each participant. Thus, CE revealed usability problems from every page and every scenario of the system.
Quality of problems identified
The quality of a problem identified refers to how well a usability testing technique in identifying useful and critical problems (Doubleday et al. 1997; Jeffries et al. 1991) . Generally, as shown in Table 6 , all testing techniques were able to identify problems that were related to seven usability factors, namely effectiveness, efficiency, satisfaction, learnability, safety, universality, and usefulness.
The comparison of the scope and severity of problems is also crucial to examine how well a usability testing technique in identifying major and significant usability problems. Table 6 also shows that MGUT is better at revealing global usability problems. Global usability problems are more broad-based problems which will affect the system in more than one part (Dumas and Redish 1993) . MGUT revealed 12 more global usability problems than DGUT and 13 more than CE.
The discussion among participants and observers, which revealed more problems with different perspectives, could contribute toward the capability of MGUT to identify more global problems. Moreover, the discussion sessions that were conducted after the interaction session had naturally moved the focus of the participants from a specific aspect or feature of the system to the discussion of the more general perspective of the usability problems. MGUT could identify usability problems that were not only from observers' perspective, but also from participants' perspective. Participants were observed to discuss usability problems from a more general perspective, while observers tended to refer these problems to specific components of the system. Examples of global usability problems identified by MGUT include ''Map was not sufficiently detail thus causing users to be unsure of where the virtual objects were placed,'' ''Some users commented that the graphic/ visual design of the system was unattractive,'' and ''Some users commented that the task given was too simple.'' These global usability problems were pointed out by participants during the usability discussion session.
CE, on the other hand, puts more responsibility on observers to prompt various questions during the think-aloud process, which eventually, directs the focus of the users on issues that are of the observer's perspective or concerns. Therefore, MGUT is more capable in revealing global type of usability problems when compared with CE. In CE, more local type of usability problems were identified as the observer's familiarity with the system helped to reveal many system-specific issues that might be picked up by the participant only after the one-to-one interaction that occurred during the think-aloud process. The usability problems identified in CE were more detail and localized because every scenario was explored and every participant's action was observed. For example, CE could identify detail and local problem such as missing or ambiguous audio, which could not be identified via MGUT. Another example of a local problem identified solely by CE is ''The user clicked on the static picture of the smoke alarm on the pop-up message when he was instructed to click on the virtual smoke alarm in the virtual environment.'' This is definitely a local usability problem as such interaction may only be performed once by the participant. Hence, only continuous and focused observation such as in CE will be able to detect such usability problem. Thus, in line with Downey's (2007) findings, it is concluded that CE is more capable in identifying local usability problems, while MGUT is more capable in identifying global problems.
In terms of severity, all testing techniques are capable of identifying the most critical and serious usability problems, which are categorized as Level 1. Usability problems of this level are most severe as they prevent the completion of a task. These usability problems are listed as follows:
• Overlapping pop-up messages and narrations caused disturbance.
• The viewpoint was slanted, and participants did not know how to return to the normal viewpoint. • The viewpoint was out of range (very far away from the virtual house), and participants did not know how to get back to the normal viewpoint.
Levels 2 and 3 consist of moderate usability problems, where the usability problems of Level 2 create significant delay and frustration, while the usability problems of Level 3 have minor effects on usability. Results reveal that MGUT and CE are more capable to record problems which fall into Levels 2 and 3. In DGUT, observers were given total responsibility to record usability problems. Therefore, they potentially missed many critical usability problems as they had to walk around and observe different individual participants. Participants of MGUT also took part in recording usability problems while exploring the system. This modification helped in overcoming the data loss problems due to participants' forgetfulness and/or observers' less attentiveness.
As the capability of MGUT and CE in identifying usability problems of the first three levels is quite similar, the number of usability problems of Level 4 is compared as well. Usability problems of Level 4 involve problems that are more subtle and are considered as an enhancement that can be added in the future. Table 6 shows that MGUT identified more usability problems of Level 4 than CE. The usability discussion session of MGUT enables the discovery of usability problems of Level 4, which mostly comprises participants' preferences or suggestions for future system enhancements. Such group discussion session often ignites new ideas and views in a short period (Kontio et al. 2004; Nielsen 1997) .
Efficiency
Time refers to the total time taken to carry out a usability testing technique. Effort refers to the amount of required exertion of strength and energy in carrying out a usability testing, which include the preparation work, such as user recruitment and arrangement of computers in the laboratory. Cost-effectiveness refers to how well a usability testing technique is able to collect critical and significant data with minimum time, cost, and effort consumption (Law and Hvannberg 2002; Doubleday et al. 1997; Jeffries et al. 1991) . In this study, time, effort, and cost-effectiveness of the three usability testing techniques were compared in order to investigate the efficiency of each technique.
As indicated in Table 6 , CE testing took 3 h and 21 min, DGUT took 2 h and MGUT took 1 h and 45 min to be accomplished. Thus, MGUT is the most efficient in terms of testing time. In terms of user recruitment, MGUT and DGUT also took advantage on the availability of the whole group of students at two different time slots for the two cycles of evaluation. On the other hand, CE required the involvement of five students at five different time slots. The focused interaction between the observer and the user was much more intensive and effortful in CE than in MGUT and DGUT as CE required the user to be tested one by one, whereas MGUT and DGUT tested all the users simultaneously. The preparation of the physical setting of MGUT required more effort than DGUT and CE due to the need for quite a number of computers to be at one place and with somehow circular arrangement.
Participant richness
The participant richness of CE is lesser than MGUT. CE involved only five participants, and they were the sole source of all data collected. Faulkner (2003) had demonstrated the risks of using only five participants and the benefits of using more participants in usability testing. In her study, some of the randomly sets of five participants found 99 % of the problems, but other sets found only 55 %. However, with ten participants, the lowest percentage of problems revealed by any one set was increased to 80 %, but with 20 users, it was increased to 95 %. Besides, Woolrych and Cockton (2001) also question the reliability of using small number of users in a usability testing and concern the impact of data loss when only five users are tested.
MGUT and DGUT which involved 36 participants have richer participant involvement when compared with other individual-based usability testing. MGUT allows severalto-many participants to be simultaneously tested, in a relative short period of time. Results of MGUT are more likely to be more convincing as MGUT involves more participants. This increases the reliability of the data collected which is important to convince the system developer to make changes to the system as a little change to the system might be costly.
Discussion
This section discusses the findings of this study based on the aforementioned four research questions (see Sect. 2).
The MGUT framework
This study proposes MGUT as a practical framework to test the usability of a VR learning application. Table 7 provides the step-by-step framework for conducting MGUT, and this framework tackles the first research question of this study.
Usability problems analysis
The study has also shown the applicability of the QUIM model (Seffah et al. 2006 ) to code and categorize identified usability problems in the VR learning application into usability criteria and factors; method proposed by Dumas and Redish (1993) to characterize problems into either local or global; and severity rating scale also proposed by Dumas and Redish (1993) to rate the severity of a problem. Section 6 provides a detail elaboration on how each usability problem was analyzed and its applicability for all the three testing techniques. This answers the second research question of this study. The main purpose to conduct usability testing of a VR learning application is to gather as much as possible useful and significant data in order to improve the application. Hence, the ability to detect usability problems and the quality of the problems identified are crucial for a usability testing approach to be reckoned as effective. Results of this study show that both MGUT and CE are capable to detect more usability problems than DGUT. However, there are some differences in the quality of the usability problems identified. MGUT is better at discovering global type of problem, while CE is better at discovering local usability problems. Nevertheless, all three techniques are able to reveal usability problems of different usability factors as well as show similar capability to discover problems of high severity. Due to the fact that MGUT and DGUT involve many participants, it increases participants' richness and hence produces more reliable and convincing results. Table 9 shows the ranking of each compared element. Rank '1' represents the most effective/efficient method, while rank '3' represents the least effective/efficient method. Based on this table, it is obvious that MGUT is more effective than DGUT as it can collect more usability problems of various factors and of different levels of severity. MGUT is as effective as CE as both techniques can identify usability problems which are more or less comparable in terms of quantity and quality. As for efficiency, MGUT and DGUT are more efficient than CE as these group testing approaches require lesser testing time, lesser effort in terms of the intensive interaction with participants although with slight more effort in the preparation of the physical setting. In addition, it is also obvious that MGUT and DGUT involve richer participation than CE. MGUT is also more feasible than DGUT as it allows some flexibility in the computer arrangement setting. Thus, this subsection helps to answer the third research question of this study.
Effectiveness and efficiency of MGUT

Strengths and drawbacks of MGUT
The final research question concerns with the strengths and drawbacks of MGUT. The most obvious strength of the proposed MGUT is the various steps taken to minimize data loss during the usability testing process. These steps include requiring participants to be involved in the recording of usability issues. They are required to jot down any usability problems that they encountered, and these jotted notes become resourceful during discussion sessions as they trigger participants' memory on the usability problems that they have encountered and bring forward these problems for further discussion. This is crucial as the main purpose of usability testing is to gather as much as possible useful and critical data. This is an enhancement to DGUT, where in DGUT, observers are given the sole responsibility to record data. Observers potentially miss many usability issues as they walk around and make observations of many different individuals.
The proposed use of screen recording software in MGUT also helps to produce a backup resource for usability issues. With this means, there exists a source where observers can refer to when there is a need to justify a usability problem. Tang et al. (2006) regard that such data collection technique is unobtrusive as no physical equipment that may intrude participants' interaction with the tested system is needed, yet it collects rich empirical data on participants' interaction with their computers. Furthermore, the availability of circular setting for the computers as in the original approach is often limited. Thus, MGUT proposes a more flexible setting, which reduces the effort to seek for suitable computer laboratory and avoids incurring cost if there is a need to procure the required circular setting. This strategy helps to enhance the efficiency of DGUT.
The main reason that most usability testing approaches involve only few participants is that recruiting more participants requires more time, effort, and higher cost. Essentially, DGUT and MGUT allow several-to-many participants to be simultaneously tested and produce lots of useful and critical usability data in a relatively short period of time. This saves the observer's time and increases cost efficiency of the usability testing process. In addition, MGUT also enables major usability issues to be revealed in a very short time. As pointed out by Downey (2007) , group testing approach can also take the advantage of the availability of many subjects who gather at one place. Furthermore, results of DGUT and MGUT are more likely to convince others as such group approach considers more participants. The interaction between participants during the usability issues discussion encourages them to react, reflect, and build on each other's experiences. Besides aiding in confirming usability problems and their characteristics, such session also provides a fast platform to gather various new opinions and ideas for further system enhancement. The focused discussion at the final stage of the testing also supports the trend toward richer user involvement in problem identification, collaborative design, and evaluation experience.
As pointed out by Downey (2007) , the most apparent drawback of the group usability testing is that participants tend to affect one another during the testing session, especially during the discussion session. A participant may be influenced by other participants' opinions. Though it is essentially good to encourage discussion of similar usability problem, it might lead a participant to acknowledge a previously undiscovered problem. Besides, this approach requires several observers, which may be limited in some cases. The availability of a computer laboratory that allows flexible arrangement of computers is also sometimes limited. As mentioned earlier, this approach is good at uncovering major usability problems, but it is not as competent as CE in gathering more detailed problems as the interaction between observers and participants is kept minimal.
Conclusion
This article has presented MGUT as a useful and practical framework for revealing usability problems of a VR learning application. The detailed procedures for employing this modified group usability framework were explained. Based on the prioritized usability problems via MGUT, the learning application designer and/or developer can then take appropriate revisions to rectify those problems, which will eventually lead to the production of a more usable application. Indeed, this modified approach can also be applied to test other systems and not confined to VR learning applications as it contains a set of methods which can be universally implemented.
